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plasticity and matrix remodeling in small rat mesenteric arteries subjected to 1 or 3 days of altered ﬂow
or acute interventions on matrix structure; cross-linking by transglutaminase and matrix digestion by
elastase. Diameter–tension relations were made in the passive state and upon full activation (125 mM Kþ
and 10−5 M norepinephrine). In low ﬂow (LF), inward matrix remodeling occurred after 1 day, when the
distended diameter at full dilation (D100) was reduced from 351715 μm to 299714 μm (SEM, n¼8,
po0.05). The optimal diameter for force development (Dopt) was reduced after 3 days, from 291710 μm
to 24775 μm (LF, po0.05). As a result, a mismatch of Dopt/D100 existed after 1 day of LF, which
normalized after 3 days. Dynamics of contraction were studied following quick isometric release by
0.2∙D100; tension recovery was faster in anatomically smaller vessels following normal ﬂow. This
association was partly lost after 1 day of LF, while after 3 days the vessels became not only smaller
but also faster, re-establishing this association. High ﬂow vessels demonstrated similar contractile
plasticity. Active diameter–tension relations at low distension did not change following transglutaminase
or elastase. However, at high distension, any alteration in passive tension coincided with an opposite
change in active tension. These data demonstrate an intrinsic interaction between passive and active
biomechanics that occurs instantaneously during matrix remodeling at high distensions while contractile
plasticity lags matrix remodeling after ﬂow interventions.
& 2013 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Organ perfusion is regulated by the diameter of small resistance
arteries. Such control includes acute autoregulation, but also
changes in vascular structure and caliber during development.
Dysregulation of resistance artery function and structure occurs in
a range of cardiovascular disorders, including hypertension (Bakker
et al., 2004). In atherosclerosis, vasoregulation of small arteries is
impaired due to local endothelial dysfunction and reduction of
blood ﬂow and shear stress distal to stenoses (Sorop et al., 2008).
A hallmark of such dysregulation is the occurrence of inward small
artery remodeling. This limits ﬂow capacity, contributing to com-
promised organ perfusion and oxygen delivery, heart failure, kidney
dysfunction and other target organ damages (Lemarie et al., 2010).
Unraveling the processes that determine small artery structure and
function in normal life and in pathologies is therefore of key
importance for the understanding of cardiovascular disorders.200.
el).
ean Union, Marie Curie ITN
er OA license.However, despite substantial research, these processes are still only
partly understood.
Remodeling of small arteries has frequently been characterized
by the change in diameter at full vasodilation, or more extensively
by changes in the passive diameter–tension or pressure–diameter
relations (Bakker et al., 2006). However, this only addresses the
contribution of the passive matrix component. Much less is known
on the reorganization of smooth muscle cells (SMC) during remo-
deling, and on the consequences for active tension-generating
capacity. Thus, contractile plasticity of SMC may exist that could
be characterized by changes in diameter–tension relations obtained
during full contractile activation of the SMC (Tuna et al., 2012). Such
plasticity affects the arterial diameter and the range of attainable
diameters during normal vasoregulation.
The concept that both passive and active elements rearrange
during remodeling is supported by the maintained balance between
active and passive biomechanics seen in vessels of widely varying
diameter, i.e. during normal development. Thus, peak active tension
generally occurs at a diameter (Dopt) slightly below the passive
diameter at 100 mmHg (D100), an observation that forms the basis
for the ‘normalization’ procedure in wire myography (Halpern et al.,
1978). Some indications for the maintenance of this balance in
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models (Arner and Uvelius, 1982; Buus et al., 2001). This relation
is maintained during development and remodeling by unidentiﬁed
mechanisms. A possibility is that the Dopt/D100 balance is an intrinsic
property of the wall organization and is therefore continuously
maintained during vascular remodeling. Alternatively, SMC plasti-
city and matrix remodeling are two independent processes with
their own dynamics. Indeed, Bakker et al. (2004) showed that
overnight activation by endothelin-1 at low distensions induces an
inward shift of the active diameter–tension relation in wire-
mounted mesenteric small arteries, without changes in matrix
biomechanics. Martinez-Lemus et al. (2004) demonstrated early
reorganization and relengthening of SMC following vasoconstriction
in isolated pressurized vessels. These in vitro data suggest that
contractile plasticity may occur early in remodeling, forming a
possible step in the observed tight link between maintained
contractile activation and matrix remodeling (Bakker et al., 2004;
Martinez-Lemus et al., 2004). However, very little information on
vascular contractile plasticity and its relation to matrix remodeling
is available from in vivo remodeling studies.
Here we study the temporal relationship between contractile
plasticity and matrix remodeling in small rat mesenteric arteries
subjected to altered ﬂow. We characterized contractile plasticity
from the active diameter–tension relation as well as from the
dynamics of tension recovery following quick isometric releases.
We furthermore tested whether an intrinsic relation between
passive and active biomechanics exists by acute interventions on
matrix structure, i.e. cross-linking by transglutaminases (van den
Akker et al., 2011) and matrix digestion by elastase.2. Materials and methods
Male Wistar rats (Charles River) of 8–12 weeks old, were anaesthetized with
isoﬂurane inhalation (2.5% isoﬂurane in oxygen during surgery) and placed on a
heating pad. Blood ﬂow–modifying surgery was performed in the animals by
ligation of second-order mesenteric arteries, a well-established procedure (Bakker
et al., 2006; Buus et al., 2001; Hilgers et al., 2010). Three adjacent second-order
segments were randomly selected. The two outer segments were ligated with one
suture to give low blood ﬂow (LF), while the middle segment received compensat-
ing high blood ﬂow, perfusing the distal arcading network (HF) (Fig. 1). After 1 or
3 days of altered blood ﬂow, the rats were sacriﬁced with an i.p. injection of
pentobarbital (100 mg/kg) and decapitated. All experiments were approved by the
local committee for animal experiments.
Mesenteric small arteries were dissected and put into cold MOPS buffer of the
following composition (in mM) 145.0 NaCl, 4.7 KCl, 1.17 MgSO4, 1.2 NaH2PO4, CaCl2
40, 5.0 glucose, and 2.0 pyruvate; pH 7.35. The LF and HF segments were taken
upstream of the ligations. 2 mm segments were mounted between an isometric
force transducer and a displacement device (Myograph, Danish Myo Technology,
Denmark) using two 40 μm wires. The bath solution was changed to physiologicalLF
NF
HF
LF
Fig. 1. The mesenteric bed with a schematic illustration of the ligations (crosses)
that were made to create low ﬂow (LF) and high ﬂow (HF) vessels, the location of
normal ﬂow (NF) arteries, and the ﬂow from the HF vessel, via the small arcading
arteries (arrows).saline solution (PSS) of the following composition (in mM): NaCl 119, NaHCO3 25,
KCl 4.7, KH2PO4 1.18, MgSO4 1.17, CaCl2 2.5, EDTA 0.027, and glucose 5.5, bubbled
with 95% air/5% CO2 and kept at 37 1C. The experiments were continuously
recorded using Powerlab and the software program Chart (AD Instruments,
Hastings, UK).
After acclimatized for 30 min, the inner diameter of the passive vessel at an
equivalent pressure of 100 mmHg (D100) was determined (Halpern et al., 1978). The
vessels were then set to 0.9∙D100 for 10 min, and stimulated twice by 125 mM Kþ
and 10−5 M norepinephrine (NE) to test for viability, followed by a test of
endothelium dependent relaxation by 10−4 M metacholine for 5 min after precon-
traction with NE (10−5 M).
Passive and active diameter–tension relations were determined at 0.4 to
1.1∙D100, in 0.1∙D100 steps (Fig. 2). At each distension, passive tension was recorded
after at least 3 min of relaxation in PSS and total tension at full activation was
determined 5 min after start of stimulation with 125 mM Kþ and 10−5 M NE, when
tension had reached steady state. In addition, at 0.7–1.0∙D100, isometric releases
were performed under passive and active conditions by quickly reducing the
diameter by 0.2 D100 (see Fig. 2) and maintaining this distension for 4 min. In the
analysis, we took the value at 4 min as steady state, even though a very minor
further increase in tension could be observed, as depicted in Fig. 2. This rapid
isometric release was performed by a stepping motor controlled by dedicated
software written in Matlab.
These biomechanics were also determined in NF vessels before and after
10 min of digestion by elastase (7.5 μ/ml) or 1.5 h matrix cross-linking by incuba-
tion with transglutaminase (TG2, 50 μg/ml) in a reducing environment (TCEP,
1 mM). All chemicals were purchased from Sigma.
Tensions in mN/mm were calculated from the recorded forces and the vessel
length. Relaxation to methacholine was presented as fraction of the NE-induced
precontraction. Active tension was calculated by subtracting the passive tension
from the total tension. The diameter for maximum tension development (Dopt) was
calculated using parabolic curve ﬁtting of the 5 highest points in the active
diameter–tension relation. The net active dynamic response after rapid 0.2∙D100
release was determined by subtracting the passive response from the recorded
transient under full stimulation. The dynamics of this response were characterized
by double-exponential ﬁtting and are expressed here as the time needed to re-
obtain 50% of the tension following the release (T1/2).
Statistical analysis was performed using one-way analysis of variance (ANOVA)
with Dunnett's post-hoc test by using SPSS 19.0. Data were expressed as
mean7SEM and differences were considered statistically signiﬁcant at po0. 05.3. Results
One day after ligation, contractile responses to KPSSþNE under
low ﬂow (LF), normal ﬂow (NF) and high ﬂow (HF) were similar
(LF; 17.071.5 mN, NF; 18.171.4 mN, HF; 17.271.4 mN, p40.05,
n¼8). After 3 days, LF vessels had slightly and not signiﬁcantly
smaller maximum contractile responses compared with NF, while
HF arteries had slightly larger responses (LF; 17.570.8 mN, NF;
1970.6 mN, HF; 21.470.9 mN, p40.05, n¼8). Endothelial func-
tion, as assessed by methacholine after precontraction with NE,
was not different between NF, LF and HF (1 day; 52.8710.4%,
66.3711.1%, 84.377.8%, p40.05, 3 days; 88.876.6%, 83.776.3%,
81.377.4%, p40.05, n¼8).Time (min)
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Fig. 2. Example of the responses of a wire-mounted rat mesenteric artery after
1 day of NF. The vessel was pre-stretched to 0.7∙D100, subjected to a release to
0.5∙D100, followed by restretch, stimulation by 125 mM Kþ and 10 mM NE, and a
release under these active conditions.
Table 1
Characterization of the steady state active diameter–tension relations of vessels
exposed to altered ﬂow 1 or 3 days. Dopt: optimal diameter for tension develop-
ment, normalized to D100. Errors are SEM. p values are based on ANOVA with
Dunnett's post-hoc test and t-test.
LF (mm), n¼8 NF (mm), n¼8 HF (mm), n¼7
Day1 Dopt (μm) 256712 290711 281713
D100 (μm) 299714n 351715 348717
Dopt/D100 0.8670.00n 0.8370.01 0.8170.01
Dhalf 16977 17176 17279
Dhalf/D100 0.5770.02n 0.4970.02 0.4970.01
Day3 Dopt (μm) 24775n 291710 310711
D100 (μm) 30177n 352716 375713
Dopt/D100 0.8270.01nn 0.8370.01 0.8370.01
Dhalf 16174n 18577 19475
Dhalf/D100 0.5470.01 0.5370.00 0.5270.02
n po0.05 (NF vs. LF, HF).
nn po0.01 (day 3 vs. day 1).
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as reﬂected by the leftward shift of the passive diameter–tension
relation (Fig. 3A) and the decreased passive lumen diameter at
100 mmHg (D100, Table 1). After this initial narrowing, further
narrowing was not observed 3 days after the intervention (Fig. 3B).
Unlike for the LF arteries, passive diameter of the HF arteries was
not signiﬁcantly different from NF arteries, either after 1 day or
3 days (Fig. 3, Table 1).
Active diameter–tension relations of vascular smooth muscle
are generally characterized by an ascending and descending limb,
with an optimal diameter for contraction (Dopt). We found such
characteristics in all vessels. As can be seen in Fig. 3A, all vessels
still demonstrated identical ascending limbs and Dopt was not
different after 1 day (Table 1), but for LF the active tension beyond
Dopt fell much stronger with increasing diameter, coinciding with
the larger matrix tension in this remodeled vessel and causing the
active curve to become much narrower. After 3 days, a clear
leftward shift of the ascending limb occurred in the LF vessels,
indicating increased contractile capacity at small diameters in
these vessels (Fig. 2B), while also the leftward shift of the
descending limb became stronger. These changes were associated
with a signiﬁcant lower Dopt (Table 1). In order to further
characterize the position of the ascending limb of the active0
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Fig. 3. Active and passive diameter–tension relations after 1 day (A) and 3 days
(B) of ﬂow intervention.relation, we compared Dhalf, the diameter for half-maximal active
tension development. As for Dopt, Dhalf remained unchanged after
1 day, but became signiﬁcantly smaller after 3 days of LF (Table 1).
Active and passive diameter–tension curves are thought to
stem from distinct structures at spatially distinct locations. Yet,
their biomechanical properties seem generally linked, as reﬂected
by the relative constancy of Dopt/D100. The current LF data show
that during remodeling this link is temporally lost. Thus, SMC
plasticity lagged matrix remodeling, causing a signiﬁcant increase
of Dopt/D100 as well as Dhalf/D100 after 1 day, which normalized
after 3 days (Table 1). In order to further appreciate this
re-established matching, Fig. 4A and B plot these relations normal-
ized to D100 and the tension at D100, revealing differences between
LF and NF at day 1 (Fig. 4A) but not day 3 (Fig. 4B).
In the HF vessels, some tendency for rightward shifts of both the
passive and active curves was found (Fig. 3), but these were too small
to draw conclusions on the order of events here. Yet, also for the HF
vessels, normalization of the balance between matrix and SMC
biomechanics was found after three days (Fig. 4B), although normal-
ized peak active tension remained somewhat lower.
Contraction dynamics may be used to further monitor SMC
adaptation during remodeling. We ﬁrst studied the recovery after a
0.2∙D100 isometric release in the normal ﬂow vessels. As can be seen
in Fig. 5A, the time to 50% tension recovery (T1/2) to the new steady
state was markedly and signiﬁcantly dependent on the anatomical
caliber of the vessels within this group, with larger vessels being
much slower. After 1 day of LF and HF, this correlation was partly
lost. Thus, Fig. 5B shows that for LF and HF, T1/2 became less
dependent on the anatomical diameter (r2¼0.17). However, after
3 days this relation was re-established (Fig. 5C: r2¼0.51, po0.05).
We found T1/2 to depend not only on the anatomical caliber of the
vessels, but also on the distension, with higher distension causing a
slowing of the tension recovery process. Also when considering the
different distensions, the relation between distension and T1/2
became more consistent after 3 days compared to 1 day (Fig. 6),
with the difference in height of these curves being consistent with
the anatomical caliber following the remodeling.
The vessels incubated with TG2 demonstrated rapid inward
matrix remodeling (Fig. 7A, Table 2). Elastin digestion resulted in
outward remodeling (Fig. 7B, Table 2). These enzymatic interven-
tions also affected the active biomechanics. Active curves in both
in vitro groups demonstrated unchanged ascending limbs.
However, active tension fell much stronger with increasing dia-
meter for TG2 treated vessels, causing the active diameter–tension
relation to become much narrower (Fig. 7A) while that of elastase
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Fig. 4. Normalized active and passive diameter–tension curves after 1 day (A) and
3 days (B). LF normalized active diameter–tension curves were not different after
3 days. npo0.05 (LF vs. NF), #po0.01 (HF vs. NF), p values are based on ANOVA
with Dunnett's post-hoc test.
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Fig. 5. Dependence of T1/2, probed at 0.6∙D100, on anatomical diameter. (A) control
NF vessels, pooled from day 1 to day 3. (B) LF and HF vessels after 1 day. (C) LF and
HF vessels after 3 days. The solid line in A indicates the regression for NF vessels,
and this line is replotted as dashed line in (B) and (C) for comparison. The solid
lines in (B) and (C) are the regressions for combined LF–HF vessels.
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D100 balance was lost (Table 2).
Long elastase treatment might cause substantial digestion of
the vessel and loss of integrity. However, EM images did not reveal
such extensive damage in the current study. Fig. 8A and B
demonstrate an EM image of a vessel before and after elastase
treatment. As can be seen, the internal elastic lamina has been
digested, but endothelial cells are still present, although in a more
activate state. While we did not perform an extensive quantiﬁca-
tion of the ultrastructure, SMC and collagen matrix appeared to
maintain their anatomical features.4. Discussion
These results show that small artery SMCs maintained func-
tional integrity during rapid remodeling. We found clear evidence
for changes in also active biomechanics during remodeling, both
following in vivo ﬂow intervention and after in vitro acute
interventions on matrix structure. These changes in active biome-
chanics can be characterized by two processes. First, capacity fortension generation at low distension did not change after one day
of low ﬂow or following TG2 or elastase, but shifted inward for low
ﬂow after three days, i.e. later than matrix remodeling. We believe
that this process reﬂects true adaptation of SMC contractile
properties. Second, at high distension, any increase in passive
tension (i.e. inward matrix remodeling) coincided with reduction
in active tension. This was the case both after 1 day in the low ﬂow
vessels as well as after in vitro TG2 treatment. Reversely, outward
matrix remodeling induced by high ﬂow or elastase treatment
caused a simultaneous increase of active tension at high disten-
sions. We suggest that this reﬂects an intrinsic interaction
between passive and active biomechanics that occurs instanta-
neously during matrix remodeling.
Rat mesenteric artery ligation is a well-established model for
studying small artery remodeling to ﬂow changes (Bakker et al.,
2006; Buus et al., 2001; Hilgers et al., 2010). Major pressure
changes are not expected in the LF and HF segments since pressure
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ligations were made downstream of the studied vessel segments.
Low ﬂow resulted in inward matrix remodeling after already 1 day,
which did not progress much further up to the tested 3 days. This
is consistent with the ﬁndings of Buus et al. (2001), showing rapid
narrowing of arteries within 2 days without more progress up to
32 days of intervention. The passive remodeling of the HF vessels
in the current study was slower and more limited than that of the
LF vessels. These slower responses are in line with earlier observa-
tions (Bakker et al., 2006; Hilgers et al., 2010). We did not address
possible changes in wall cross-sectional area in the current study.
However, Buus et al. (2001) observed that such hypertrophic
responses do not occur at 2 to 8 days, and only developed after
16 days. Bouvet et al. (2007) found wall area to change a bit earlier,
i.e. at 7 days. In the current study, some indication for a loss of
SMC content under LF came from the reduced peak active tension
after 3 days of LF (Fig. 3B). Yet the change in peak active tension
was quite limited and it would have been difﬁcult to demonstrate
an anatomical base for this. Thus, even though a trophic compo-
nent could have been present, we believe that the current matrix
remodeling is essentially eutrophic, where existing wall material is
rearranged.
Flow-induced changes in vasomotor tone may well underlie
matrix remodeling. In the current mesenteric model, work from
our group has previously shown that vascular tone changes 2 h
after ligation and the tone provides the drive for direction of
inward (low ﬂow) or outward (high ﬂow) remodeling (Bakker
et al., 2008). The above considers the remodeling of the matrix
only. It remains to be established to what extent tone affects
reorganization of the active elements.
The currently observed lag of SMC plasticity compared to
matrix remodeling seen at low distension seems at variance withthe few studies that addressed this in vitro (Bakker et al., 2004;
Bednarek et al., 2011; Martinez-Lemus et al., 2004). A possible
explanation resides in the level of the applied stimulus, which was
much stronger in the in vitro studies. Alternatively, a large array of
vasoactive inﬂuences is expected to act in vivo, unlike in the
in vitro situation where a single stimulus was applied. Inﬂamma-
tion is known to accelerate matrix remodeling in the current
model (Bakker et al., 2008), but it remains to be established
whether inﬂammatory responses are at all of inﬂuence on the
SMC plasticity.
The immediate effects of matrix changes on capacity for active
tension generation at high distension underline the complex
nature of the vascular wall biomechanics. A detailed and likely
complex biomechanical model will be needed to explain these
ﬁndings. It was not the purpose of the current study to derive such
a model, and clearly future work is needed here. Possibly, tension
generation at the cellular level remains unchanged while its
integration over the wall is affected by the presence of a stiffer
matrix. Alternatively, the local presence of stiff matrix elements
directly inﬂuences the cellular active tension development at these
high distensions.
Although dynamics of tension recovery following isometric
release depend in a complex way on fundamental SMC properties,
these can give information on changes in contractile organization.
We made two relevant observations on normal ﬂow vessels. First,
T1/2 became much larger at higher distensions. This is not
Table 2
Characterization of the steady state active diameter–tension relations of vessels treated by TG2 or elastase. Dopt: optimal diameter for tension development, normalized to
D100. Each row represents a paired comparison before and after treatment. Errors are SEM. p values are based on t-test.
D100 (before) Dopt (before) Dopt/D100 (before) D100 (after) Dopt (after) Dopt/D100 (after)
TG2 (n¼6) 379.3716.7 288.3711.1 0.7670.01 316.7717.0n 257.778.6n 0.8270.02
Elastase (n¼6) 375.2719.2 288.9714.5 0.7770.00 432.6716n 313.0711.9n 0.7270.01n
n po0.05.
EC
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Fig. 8. Electron microscopic images of untreated (A) and elastase treated (B) mesenteric arteries. Arteries were ﬁxated at 0.9∙D100. Internal elastic lamina disappeared, no
further obvious structural changes were observed. Bar represents 2 mm. EC¼Endothelial cell; IEL¼ internal elastic lamina; SMC¼smooth muscle cell; COL¼collagen ﬁbers.
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higher load, resulting in lower constriction velocity. Second, and
unexpected, T1/2 also became higher for larger anatomical vessel
size. This effect was even clear within the relatively limited
variation of vessel calibers in the NF group. To our best knowledge,
such a dependency has not been observed before, while also for
the more fundamental unloaded shortening velocity and serial
compliance, a dependence on vessel caliber has not been reported.
The functional relevance of T1/2 relates to the dynamics of vascular
tone regulation (Wang et al., 2007). Its steep dependence on
caliber could allow more distal vessels to respond faster and
control ﬂow in a more dynamic way. However, these issues were
not the subject of the current study and we rather used T1/2 as a
measure to probe the adaptation of dynamic SMC properties
during ﬂow intervention. We observed that after 1 day, the
correlation of T1/2 with vascular caliber was partly lost while also
the dependence on distension was altered. After 3 days, these
dynamic properties had normalized, with inwardly remodeled
vessels in LF also becoming faster. Thus, also in this aspect, SMC
adaptation lagged the matrix remodeling.
We have chosen to normalize all vessels to 100 mmHg, as a
well-accepted method to compare small arteries of different sizes
(Halpern et al., 1978). One could argue that normalization to the
actual in vivo pressure should have been performed, especially for
the diameter for optimal force development and for the evaluation
of dynamics. Yet, while some information is available on in vivo
pressures in these vessels (Fenger-Gron et al., 1995), there is no
straightforward way for choosing the right pressure. For the
current diameter range, the in vivo pressure is expected to still
be close to systemic. Interestingly, tension recovery dynamics
(Fig. 5) would likely have depended even more steeply on
anatomical diameter if these experiments were done based on
normalization to the actual pressure, i.e. at lower strain for smaller
vessels. We have not studied the stimuli and mechanisms involved
in contractile plasticity. In a recent study, we established that
in vitro, this process is strongly induced by endothelin-1 but farless so by the thromboxane mimetic U46619. We also found
contractile plasticity to act through mechanisms that do not seem
to relate to inﬂammatory pathways or major reorganization of the
SMC (submitted). The current ﬂow interventions were limited to
3 days, because we focused on early changes during remodeling in
order to uncover the temporal relationship between changes in
active and passive properties. While longer studies have been
performed by others, these did not address the active biomecha-
nics. Future work could address the maintenance of this balance
for longer periods and larger inward or outward remodeling.
Inward remodeling of matrix limits perfusion capacity. During
acute ﬂow regulation, a smaller caliber can be compensated by a
more vasodilated state, maintaining sufﬁcient ﬂow at the expense
of less ﬂow reserve and smaller autoregulatory range in e.g.
hypertension (Eftekhari et al., 2011). The consequences of shifts
in active diameter–tension relations are less straightforward. In
vivo, vessels operate at intermediate tone levels, and one could
argue that any change in the force generating capacity at a given
distension can be compensated by tone regulation. Yet, it is not
clear whether full compensation occurs. In at least several knock-
out models with impaired force generating capacity, such
compensation did not occur, resulting in severe hypotension
(Pritchard et al., 2007; Schildmeyer et al., 2000). Ethnic differences
in creatine kinase activity have been suggested to be associated
with more force-generating capacity in not only skeletal muscle
but also the vascular wall, leading to higher blood pressures in
blacks (Taherzadeh et al., 2010), suggesting that also here com-
pensation by tone regulation does not occur.
We induced abrupt changes in ﬂow in order to dissociate
adaptation of active and passive dynamics and to derive their
temporal relationship. Such abrupt changes occur e.g. in collateral
vessels during acute myocardial infarction, as well as during grafting
or stenting of coronary or systemic vessels. These temporal relation-
ships are therefore of relevance for adaptation of the downstream
circulation in such acute events and interventions. During slow and
long-term physiological changes, such as development, skeletal
B.G. Tuna et al. / Journal of Biomechanics 46 (2013) 1420–14261426muscle training or longstanding immobilization, both processes are
likely to remain in a quasi steady state, maintaining their balance.
This balance is crucial for particularly the large changes in develop-
ment. Without adaptation of also the active biomechanics, vessels
would lack force-generating capacity at the larger diameters, making
them sensitive to forced dilation during episodes of higher pressure.
Reversely, during substantial inward remodeling, vessels would lose
the ability to deeply constrict without adaptation of the active
biomechanics.
The balance of active and passive adaptation is also of relevance
for chronic pathologies. Thus, in essential hypertension, one would
expect that both the diameter for peak active tension capacity and
the passive diameter shift to smaller values. For the latter, this is
well established (Arner and Uvelius, 1982). For the former, to be
best of our knowledge no information is available, and future work
is required here. Possibly, the processes that regulate the balance
of active and passive biomechanics may be affected in cardiovas-
cular pathologies. Such a chronic mismatch may be involved in the
pathogenesis of the disease. Increased capacity for force genera-
tion at low distensions will allow the vessel to constrict more
deeply, providing again a stimulus for inward matrix remodeling
(Bakker et al., 2002) and further inward shift of force generating
capacity. Thus, absence of episodes of relative vasodilation, due to
e.g. endothelial dysfunction or proximal ﬂow restriction could lead
to a vicious circle of ongoing shrinkage of the vessel. A similar role
of SMC length adaptation has been shown for airway smooth
muscle in asthma (Bosse et al., 2009).5. Conclusions
Adaptation of passive and active diameter–tension relations
results in maintenance of their balance during ﬂow-induced small
artery remodeling. Contractile plasticity at low distensions lags
small artery matrix remodeling, while at high distensions an
intrinsic and immediate coupling of active and passive biomecha-
nics exists.Conﬂict of interest statement
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